The lipooligosaccharide (LOS) of Haemophilus somnus undergoes antigenic phase variation, which may facilitate evasion from the bovine host immune response and/or colonization and dissemination. However, LOS antigenic diversity in H. somnus has not been adequately investigated. In this study, monoclonal antibodies (MAbs) specific to various LOS epitopes were used to investigate antigenic variation and stability in LOS from H. somnus strains and phase variants. Clinical isolates of H. somnus exhibited intrastrain, as well as interstrain, antigenic heterogeneity in LOS when probed with MAbs to outer core oligosaccharide epitopes in an enzyme-linked immunosorbent assay (ELISA). However, epitopes reactive with MAbs directed predominately to the inner core heptose region were highly conserved. At least one epitope, which was expressed in few strains, was identified. One LOS component affected by phase variation was identified as phosphorylcholine (PCho), which is linked to the primary glucose residue. Inhibition ELISA, immunoblotting, and electrospray-mass spectrometry were used to confirm that MAb 5F5.9 recognized PCho. LOS reactivity with MAb 5F5.9 was associated with loss of most of the outer core oligosaccharide, indicating that reactivity with PCho was affected by phase variation of the glycose residues in this region. Our results indicate that outer core epitopes of H. somnus LOS exhibit a high degree of random, phase-variable antigenic heterogeneity and that such heterogeneity must be considered in the design of vaccines and diagnostic tests.
Haemophilus somnus is a gram-negative coccobacillus that colonizes the mucosal surfaces of cattle, but it may also cause multisystemic diseases such as pneumonia, thrombotic meningoencephalitis, septicemia, abortion, myocarditis, and arthritis (8, 16, 18, 25) . Whole-cell, killed vaccines are commercially available, but they do not offer adequate protection against systemic diseases (18, 33) . The lack of adequate protection by presently available vaccines is due, in part, to insufficient understanding of the virulence factors and host immune response during the disease process. Furthermore, the role of individual surface components in the protective immune response is not well understood. The oligosaccharide of H. somnus lipooligosaccharide (LOS), like that of other Haemophilus and Neisseria spp., can be divided into two regions: an inner core region consisting of 3-deoxy-D-manno-2-octulosonic acid (KDO) and heptose and an outer core region consisting of glucose, galactose, and hexosamine. Some of the outer core glycoses may be modified by phosphoethanolamine (PEtn) or phosphorylcholine (PCho). The LOS of H. somnus is known to undergo antigenic phase variation in vitro and in vivo, and that clearance of respiratory infection is associated with humoral recognition of most of the antigenic variants that can develop (8, 13, 21) . Therefore, characterizing H. somnus LOS epitopes, as well as identifying the diversity and stability of these epitopes, may provide insight into the role of this important component in pathogenesis and new approaches toward vaccination.
Control of H. somnus disease also requires early and accurate diagnosis, as well as identification of carrier animals. Identification of the immune status of individual animals and herd immunity is particularly important in management practices to control H. somnus diseases. Epidemiological studies on H. somnus are hindered by the lack of an adequate antigenic typing system. Polyclonal sera, raised against H. somnus whole cells, have been used in assays such as bacterial agglutination, complement fixation, and enzyme-linked immunosorbent assay (ELISA) in attempts to establish a typing scheme for H. somnus (16) . In one study, 46 American and Swiss H. somnus isolates could be placed into four serotypes using cross-adsorbed polyclonal antisera to H. somnus whole cells in tube agglutination tests (5) , suggesting a high degree of antigenic similarity among strains (15, 16, 34) . These results are in contrast to the high rate of antigenic phase variation previously observed in H. somnus LOS (21, 22) . A more specific analysis of H. somnus LOS epitopes, which requires the use of monoclonal antibodies (MAbs) to LOS, is therefore needed.
In this study we tested the reactivity of 5 LOS MAbs in a whole-cell ELISA with 44 strains and phase variants of H. somnus. There was substantial interstrain and intrastrain antigenic heterogeneity in the LOS of these isolates, and MAb reactivity with epitopes such as PCho and outer core oligosaccharide glycoses was unstable due to phase variation. These results indicate that antigenic reagents containing H. somnus LOS are unsuitable for use in typing systems and that further investigation of the role of antibodies to LOS in the protective immune response is required.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The sources, derivation, and associated disease or isolation site of the 44 H. somnus strains and phase variants used in this study are shown in Table 1 . Escherichia coli J5, a rough lipopolysaccharide mutant, was used as a negative control. Growth of H. somnus on Colombia blood agar plates or in supplemented brain heart infusion (BHI) broth has been previously described (20) . For some studies, broth-grown bacteria were washed once in phosphate-buffered saline (PBS), pH 7.4, and stored in 1% buffered formalin as a preservative. The cells were diluted in PBS to an absorbance of 0.70 at 550 nm for use in ELISA.
Purification and O-deacylation of LOS. H. somnus LOS was purified by enzyme digestion-hot aqueous phenol extraction for use in ELISA and mass spectrometry analysis (9, 23) , or by micro-phenol extraction for Western blotting (17) . For preparation of LOS expressing PCho, a population of cells as homogeneous as possible was desired. A MAb 5F5.9-reactive colony of strain 738 was subcultured, and the colony blot was repeated. From this second colony blot, a strongly reactive colony (738-P) was subcultured, expanded onto 10 Columbia blood agar plates, and incubated overnight at 37°C in a candle extinction jar. The cells were washed off the plates with PBS, and washed once in PBS. A diluted aliquot of these cells was used in a confirmatory colony blot with 5F5.9 (Ͼ95% reactive), and the remainder was lyophilized. LOS was extracted from 100 mg of lyophilized cells, suspended in 2 ml of distilled water, and stirred at 65 to 70°C. Two ml of 90% phenol was added, and the mixture was stirred for 30 min. The mixture was cooled on ice, centrifuged at 5,000 ϫ g for 30 min, and the upper aqueous phase was aspirated. A second extraction was performed as described above, and the combined aqueous phases were dialyzed and lyophilized. The LOS (5 to 10 mg) was O-deacylated as previously described (9) , washed twice with cold acetone, then redissolved in water and lyophilized.
MAbs. The source and specificity of MAbs 3F11, 6B4, 5F5.9, 5D7, MAHD7, and others used in this study are described in Table 2 . MAb 5D7 was produced by immunization of A/J mice with H. somnus cells coated with LOS prepared by a modification of a method previously described (26) . Briefly, 10 mg of lyophilized H. somnus strain 649 cells were suspended in 5 mls of PBS. One milliliter of a 1-mg/ml solution of homologous LOS was added, and the mixture was incubated at 60°C for 20 min, with occasional vortexing. The mixture was then dried in a rotary evaporator at 60°C, and the temperature gradually decreased manually 5°C/h to 30°C over a 6-h period. The LOS-coated material was then suspended at 10 mg/ml in PBS for immunization of young adult female A/J mice. The mice were injected intraperitoneally with LOS-coated cells mixed 1:1 with Freund's complete adjuvant (Sigma Chemical Co., St. Louis, Mo.) in a total volume of 0.1 ml. Antibody titers were determined 10 days after immunization by serial dilution of serum in an ELISA against homologous LOS. A second intraperitoneal immunization of LOS-coated cells mixed 1:1 in Freund's incomplete adjuvant was administered to responsive mice (optical density at 405 nm [OD 405 ] Ͼ 1.0 at a dilution of 1:5,000) 4 weeks after the first immunization. At the same time 50 l of the LOS-coated cell suspension (in PBS) was administered by intrasplenic injection. The mice were euthanized, and the spleens were harvested for fusion 4 days after the second immunization. Antibody-secreting hybridoma cells were produced by standard methods (10) at the Lymphocyte Culture Facility (University of Virginia, Charlottesville, Va.) using Sp2/O myeloma cells. Cell lines producing MAbs reactive with LOS were cloned twice by limiting dilution.
ELISA. Wells of Immunlon-4 ELISA plates (Dynatech Laboratories, Chantilly, Va.) were coated in replicates of four with 10 l of 1% formalin-treated whole cells diluted to an absorbance at 550 nm (A 550 ) of 0.70. Ninety microliters of PBS was then added to each well, and the plates were covered and incubated overnight at 4°C. Nonspecific binding was blocked with 1% nonfat skim milk in PBS for 1 h at room temperature, followed by incubation with the previously determined optimal dilution of MAb for 18 h at 4°C (see below). A 1:5,000 dilution of horseradish peroxidase-conjugated anti-mouse immunoglobulin G (IgG) and IgM (heavy plus light chains) antibody (Jackson ImmunoResearch Laboratories, West Grove, Pa.) was added and incubated for 1 h at room temperature. After each incubation the plates were washed five times with PBS containing 0.05% Tween 20. The color reaction was developed with ABTS [2,2Ј-azino-di(3-ethyl-benzthiazoline sulfonate)] peroxidase substrate (Kirkegaard and Perry Laboratories Inc., Gaithersburg, Md.) for 30 min. and then stopped by the addition of 1% sodium dodecyl sulfate in PBS. The A 405 was measured with a microtiter plate reader (Molecular Devices Corp., Menlo Park, Calif.).
To determine the optimum MAb dilution for ELISA reactivity with all strains, serial twofold dilutions of MAbs 3F11, 6B4, MAHD7, 5F5.9, and 5D7 were tested with 10 strains each, and the strain that generated the highest A 405 was used to construct a titration curve with that MAb. The optimal dilution of each MAb was considered the greatest dilution resulting in maximum A 405 (top of the linear portion of the titration curve) and was used in the ELISA with whole cells of 44 H. somnus strains and phase variants.
Antigenic grouping. H. somnus strains were assigned to antigenic groups based on the relative reactivity of each strain with a given MAb compared to the maximum A 405 obtained with one of the 44 strains tested (referred to as the positive control strain). The formula used for relative percent binding of each strain-MAb combination was as follows: A 405 of test strain Ϭ maximum A 405 of the positive control strain ϫ 100. For instance, the relative percent binding of strain 6743 with MAb 5F5.9 was as follows: 0.5 Ϭ 2.03 ϫ 100, where 0.5 was the absorbance obtained with strain 6743 and MAb 5F5.9 and 2.03 was the absorbance obtained with strain 803 and MAb 5F5.9 (derived from Fig. 1 ). Semiquantitative reactivity was further assigned as follows: Ϫ, ϩ, ϩϩ, or ϩϩϩ, representing Ͻ15%, Ն15 to 50%, Ͼ50 to 90%, or Ͼ90% of maximum reactivity, respectively.
Inhibition ELISA. The titer of MAbs 5F5.9 and 5D7 for use in inhibition studies was first determined by ELISA. Twofold serial dilutions of antibody in 
b Suggested specificity given for this MAb.
PBS were tested against the broadly reactive H. somnus strain 93 LOS at a concentration of 1 g/well. The dilution of each MAb used in the inhibition ELISA corresponded to approximately 75% of maximum A 405 determined from the titration curve. Microcentrifuge tubes were filled with 900 l of diluted MAb and 100 l of serial twofold dilutions of inhibitor, beginning at 100 g/ml in PBS. The mixture was incubated for 1 h at room temperature with agitation and then used in an ELISA with strain 93 LOS-coated wells in replicates of five. The negative control consisted of 900 l of diluted MAb and 100 l of PBS. The positive inhibition control consisted of 900 l of the diluted MAb mixed with 100 l of a 1-mg/ml suspension of H. somnus strain 93 LOS. Inhibitors tested included galactose (Gal), glucose (Glc), Gal␤(1-4)Glc, Glc␤(1-4)Glc, Gal␤(1-4)GlcNAc, Gal␤(1-3)GlcNAc␤(1-3)Gal␤(1-4)Glc, PEtn, and PCho.
Mass spectrometry Analysis. Samples were analyzed on a VG Quattro triple quadrupole mass spectrometer (Fisons Instruments) with an electrospray ion source. Deacylated samples were dissolved in an aqueous solvent containing 50% acetonitrile and 0.1% formic acid. The electrospray tip voltage was 2.5 kV and the mass spectrometer was scanned at an m/z of from 150 to 2,500 with a scan time of 10 s (9).
SDS-PAGE and immunoblotting. LOS sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was done as previously described (19) . Gels were stained with ammoniacal silver following periodate oxidation (36) . Western blotting was performed by transfer of LOS bands to a Westran polyvinylidene difluoride (PVDF) membrane (Schleicher & Schuell, Keene, N.H.) using a Transblot apparatus (Bio-Rad Laboratories, Richmond, Calif.) at 24 volts for 45 min (21) . Detection of LOS bands on the membrane with the selected MAb was done by standard methods (14) . Colony immunoblotting was done as previously described (22) .
Cluster analysis. The arithmetic mean and standard deviation of the ELISA A 405 values from four replicates of each of the 44 H. somnus strains tested was used for cluster analysis by average linkage using Euclidian distance to determine dissimilarity. Statistical analysis software for Windows (SPSS Inc., Chicago, Ill.) was used for these calculations. 
RESULTS

Reactivity of MAbs with H. somnus.
The reactivity of MAb 5F5.9 with 44 H. somnus strains or LOS phase variants is shown in Fig. 1 , which is a representation of the analysis with MAbs 5F5.9, 5D7, 3F11, 6B4, and MAHD7. A dendrogram demonstrating the heterogeneity of LOS epitopes between strains and LOS phase variants and the semiquantitative relative reactivity by each of these MAbs is shown in Fig. 2 . Based on cluster analysis using the absorbance means and standard deviations for the 44 H. somnus strains, two very dissimilar groups (A [n ϭ 2] and B [n ϭ 42]) were identified. The asymmetry of this grouping was due to the high relative reactivity of anti-H. somnus LOS MAb 5D7 with only two strains, and the lack of reactivity of these strains with other MAbs. In total only 9% of the strains reacted with MAb 5D7. This result was not unexpected, since MAb 5D7 was made to H. somnus strain 649, which did not react with any of the other MAbs directed to outer core epitopes. The specificity of MAb 5D7 has not yet been determined. Group B was further divided into groups B.1 and B.2. Subgroups of B.1 and B.2 were also identified, but they are not labeled in the dendrogram. Random LOS phase variation resulted in strains changing their associated antigenic group following in vitro or in vivo passage. Therefore, the usefulness of further division of these groups would be limited.
MAbs 3F11 and 6B4, which were made to Neisseria gonorrhoeae LOS, are specific for Gal␤(1-4)GlcNAc and Gal␤(1-4)GlcNAc␤(1-3)Gal␤(1-4)Glc (28, 41, 42) and cross-reacted with 43 and 55% of the H. somnus strains, respectively. MAb 6B4 reacted with six strains not reactive with MAb 3F11 in this study. MAbs 3F11 and 6B4, which react with the lacto-Nneotetraose component on N. gonorrhoeae LOS, reacted with only the largest molecular size LOS bands by Western blotting (22; data not shown). Furthermore, structural analysis indicated that the nonreducing end of H. somnus strain 738 LOS contains a Gal␤(1-3)GlcNAc␤(1-3)Gal␤(1-4)Glc component, and therefore these MAbs most likely react with outer core epitopes of H. somnus LOS (9) (Fig. 3) . Variable reactivity with these MAbs illustrated the high degree of antigenic heterogeneity in this region among the 44 strains tested. MAb 5F5.9 also reacted with 55% of the H. somnus strains examined but not always with the same strains as MAbs 3F11 and 6B4.
MAb MAHD7, which is directed to the inner core heptose region of Haemophilus ducreyi (2) (29) . Symbols: Ϫ, ϩ, ϩϩ, and ϩϩϩ represent Ͻ15%, Ն15 to 50%, Ͼ50 to 90%, and Ͼ90% of maximum optical density, respectively. similar. However, strain 2336, from which strain 738 was derived, was more reactive with MAb MAHD7 than the phase variants of strain 738. MAb 5D7 reacted with low-molecular-size bands (3.9 to 3.3 kDa) of strains 649, 6948, and 7226 LOS in a Western blot (Fig. 4B) . This MAb was not inhibited by either PCho or PEtn (data not shown), but its specificity was not further characterized.
Specificity of MAb 5F5.9. The specificity of MAb 5F5.9 was investigated by inhibition ELISA using commercially available glycoses identical in structure and linkage to glycoses present in the outer core oligosaccharide of strain 738. None of the mono-, di-, or tetrasaccharides tested inhibited binding of MAb 5F5.9 (data not shown). However, colony immunoblotting of H. somnus strains with MAb TEPC-15 (39) indicated that the LOS contained PCho, and that reactivity of this component with the MAb was phase variable. Structural analysis of strain 738 oligosaccharide later confirmed the presence of PCho attached to the primary glucose within the oligosaccharide chain (9) (Fig. 3) . MAb 59.6C5, which is also directed to PCho (6), reacted with the same strains and with similar intensity as MAb 5F5.9 by ELISA, suggesting that MAb 5F5.9 was specific for PCho. This specificity was supported by inhibition of MAb 5F5.9 reactivity with H. somnus strain 93 (a strongly reactive strain) and with the use of purified PCho in an ELISA (Fig. 5) . The concentration of PCho required for 50% inhibition of MAb 5F5.9 was 2.1 g/ml, and PCho concentrations of 12.5 g/ml and above resulted in 95% inhibition. PEtn, a structural analog of PCho, did not inhibit binding of MAb 5F5.9 at 50 g/ml.
To further investigate the phase-variable nature of PCho, a colony blot of H. somnus strain 738 was performed with MAb 5F5.9. Single colonies reactive with MAb 5F5.9 were expanded, and more than 95% of colonies from these clones were reactive with MAb 5F5.9. Electrospray-mass spectrometry (ES-MS) analysis of the O-deacylated LOS obtained from a MAb 5F5.9-reactive clonal isolate (strain 738-P) indicated that the oligosaccharide of strain 738-P was more truncated than parent strain 738 (Table 3) . This finding was supported by SDS-PAGE analysis, in which the majority of LOS from strain 738-P was of lower molecular size (Fig. 6A, lane 1) . The 3.4-kDa band from strain 738 (lane 2) was missing in 738-P and replaced by two lower-molecular-size LOS bands. The predominant, fastest migrating of these two bands did not react in an immunoblot with MAb 5F5.9 (Fig. 6B, lane 3) consistent with the smallest glycoform observed in ES-MS m/z 2062 not containing PCho (Table 3) . The less mobile, but fainter, of these two lower-molecular-size 738-P LOS bands did react with MAb 5F5.9 (Fig. 6B, lane 3) , again consistent with the ES-MS data indicating that the ion at m/z 2227 did contain PCho. The relative intensities of these two bands in the SDS-PAGE also correlated well with the relative intensities deduced from the ES-MS data (Table 3) . LOS from strain 738 was weakly reactive with a similarly sized MAb 5F5.9-reactive band in 738-P (Fig. 6B, lane 4) consistent with the identification of trace amounts of PCho in an ion at m/z 2227 in the LOS of strain 738 (Table 3) . It is interesting to note that other PCho containing glycoforms are also present in strain 738 based on ES-MS analysis that are not reactive on the immunoblot. All these glycoforms would contain oligosaccharides bearing glycose extensions from the PCho-containing hexose moiety, and hence supports the theory that accessibility to the PCho epitope is hindered by such extensions.
DISCUSSION
H. somnus has been reported to have only limited antigenic diversity, even following cross-absorption of immune sera (5). Furthermore, bovine sera is commonly seropositive to H. somnus whole cells. This high degree of reactivity and homogeneity may, in part, be due to the presence of immunoglobulin binding proteins in H. somnus (40) and its common presence as a commensal of the bovine urogenital tract (16) . However, reactivity to MAbs has shown that H. somnus LOS is heterogeneous, and that at least 12% of the population may undergo LOS antigenic phase variation in a particular epitope (21, 22) . In this study we have used a panel of MAbs reactive with distinct epitopes or regions in some strains of H. somnus LOS to further characterize antigenic phase variation. MAb 3F11 recognizes the Gal␤(1-4)GlcNAc component of lacto-N-neotetraose in the outer core of gonococcal LOS (28, 41, 42) . Fortythree percent of the 44 H. somnus strains used in this study expressed an epitope reactive with MAb 3F11. MAb 6B4 has been proposed to react with the entire lacto-N-neotetraose tetrasaccharide, and as expected, reacted with most H. somnus strains reactive with MAb 3F11. Lacto-N-neotetraose is a component of the glycosphingolipid precursor of the major human blood group antigens. The presence of lacto-N-neotetraose or a similar component in H. somnus LOS suggests that H. somnus may also use molecular mimicry to avoid the host immune response, if this antigen is present on bovine glycosphingolipids. Whether expression of the 3F11 and 6B4 epitopes offers H. somnus a selective advantage in vivo has yet to be determined.
MAb MAHD7 reacted with 95.5% of H. somnus strains tested, indicating the heptose-containing inner core region recognized by this MAb was highly conserved among the strains and phase variants examined. Such conservation was not unexpected because structural analysis has indicated that the inner core of H. somnus LOS is similar in structure to that of other mucosal bacteria, particularly Neisseria spp. (9) . MAb 5D7, in contrast, was made to the LOS of an antigenically distinct strain of H. somnus and reacted with only 9% of strains in this study. The specificity of the MAb 5D7 epitope was not determined at this time. The low number of strains bound by MAb 5D7 accounted for the division of strains into two groups. Of interest was that strain 813 also reacted with MAb 5D7 but is a phase variant of group B strain 738 and was isolated from the respiratory tract of a calf 10 weeks after intrabronchial challenge with strain 738 (13) . The time necessary to phase-vary from group B to group A might be a function of the dissimilarity between these groups, and this could be an exploitable factor in H. somnus epidemiology studies. Furthermore, there was a clear antigenic shift in the reactivity of parental strain 2336 and its clonal isolate 738 with MAbs 3F11 and 6B4. Structural analysis of the oligosaccharide of these variants is currently under investigation, with specific reference to the terminal Gal-GlcNAc linkage. Thus, antigens containing H. somnus LOS would not be useful in serological typing assays due to antigenic phase variation.
PCho has been identified as an epitope of H. influenzae LOS (39), as well as of H. somnus LOS (9) . It is also a component of Streptococcus pneumoniae teichoic acids (30) , and has been found on a 43-kDa protein in Pseudomonas aeruginosa, and on the pili of N. meningitidis and N. gonorrhoeae (37) . However, in H. somnus strain 738, PCho is attached to the internal (primary) ␤-D-glucose residue on heptose I, with the remaining oligosaccharide chain extending from this glucose residue (9) (Fig. 3) . In contrast, in Haemophilus influenzae LOS PCho has always been found attached to a terminal hexose residue (27, 31, 32) . In strain 738, reactivity of PCho with MAb 5F5.9 was associated with phase-variable gain or loss of terminal outer core oligosaccharide residues. Thus, H. somnus appears to be able to use phase variation of glycose chain extension to conceal or expose PCho. We are presently investigating if the PCho epitope can phase-vary. However, strain 649 did not contain PCho on its LOS, as determined by ES-MS and nuclear magnetic resonance studies (data not shown). Strain 649 also did not react with MAb 5F5.9, and three successive colony blots were negative for reactivity with MAb 5F5.9 (data not shown). Thus, some strains of H. somnus may be incapable of adding PCho to their LOS, making such strains distinctive and useful in future studies on the role of PCho in H. somnus virulence.
The advantages to bacteria that display PCho on their cell surface include adhesion to host epithelial cells by S. pneumoniae (11) , and enhanced colonization of the nasopharynx and adherence to bronchial epithelial cells by H. influenzae (35, 39) . The mechanism involved in adherence has been proposed to occur through interaction of PCho with the platelet activating factor receptor on bronchial cells (35) . In addition, the expression of PCho on a terminal hexose residue enhances serum killing of H. influenzae by C-reactive protein (38) . However, whether PCho is present on heptose I or heptose III determines its accessibility to binding C-reactive protein. Furthermore, the degree of serum bactericidal activity for H. influenzae mediated by C-reactive protein is also affected by which heptose residue bears the PCho-attached hexose (27) . In H. somnus a similar on-off accessibility of PCho may occur through phase variation of the oligosaccharide extending from the PCho-containing hexose. The role, if any, of PCho in H. somnus colonization or virulence is unknown at this time, but steric interference of PCho may be a factor in determining if the bacterium colonizes mucosal surfaces or disseminates and causes multisystemic disease. In contrast, PCho has not been reported to be present in gram-negative bacterial lipopolysaccharides (LPS). However, the LPS of many bacterial species is involved in adherence to host cells (24) .
In summary, antigenic phase variation of the outer core epitopes occurs in most H. somnus isolates recovered from infected sites. Such phase variation may complicate diagnosis and typing of H. somnus and promote evasion of the host immune response. Antigenic phase variation by PCho in strain 738 may be due to phase variation of outer core glycoses. The role(s) of LOS phase variation in colonization, adherence to epithelial cells, and dissemination will require further investigation.
